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Objective: This study aimed to investigate the role of the Wnt/b-catenin signaling pathway and E-cad-
herin/b-catenin complex in intermittent cyclic mechanical tension (ICMT)-induced endplate cartilage
degeneration.
Design: b-Catenin expression was measured in disc samples obtained from patients with disc degen-
eration and those with cervical vertebrae fracture or dislocation. Histological staining was performed to
examine the disc tissue morphology and extracellular matrix after application of ICMT in vitro and in vivo.
Multiple strategies were employed to examine activation of Wnt/b-catenin signaling after ICMT appli-
cation in vivo and in vitro. Co-immunoprecipitation was performed to examine the interaction between
E-cadherin and b-catenin. Pathway-speciﬁc inhibitors and an E-cadherin expression plasmid were used
to regulate Wnt/b-catenin signaling and E-cadherin expression.
Results: b-Catenin protein expression was elevated signiﬁcantly, whereas cartilaginous genes were
down-regulated in endplate cartilage samples obtained from patients with disc degeneration. ICMT
loading led to Wnt/b-catenin signaling activation and the loss of the chondrogenic phenotype of end-
plate chondrocytes in both an in vivo rabbit model and in vitro endplate chondrocyte culture system.
Inhibition of Wnt/b-catenin signaling suppressed the decrease in ICMT-induced cartilaginous gene
expression. Furthermore, E-cadherin expression was inhibited by ICMT stimulation, resulting in a
decrease in the interaction between E-cadherin and b-catenin proteins. Over-expression of E-cadherin
rescued the cartilaginous gene expression by enhancing the interaction between E-cadherin and b-
catenin proteins.
Conclusions: ICMT promotes endplate cartilage degeneration via activation of Wnt/b-catenin signaling
and suppression of physical proteineprotein interactions between E-cadherin and b-catenin.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.H.-g. Xu, Department of Or-
ical College, Wuhu, 241001,
: X.-l. Zhang, Shanghai Key
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School of Medicine, Shanghai,
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Back and neck pain is the most common chronic condition in
adults. Intervertebral disc (IVD) degeneration is considered to be
the primary reason for back and neck pain1. Endplate cartilage is an
important structure of IVDs, which is a thin layer hyaline cartilage
between the vertebral body and IVD. It is the gateway of nutrient
transport between the vertebral marrow and IVD2. In addition,
endplate cartilage is a mechanical interface between vertebral and
resilient discs. It contributes to even distribution of thetd. All rights reserved.
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have demonstrated that cartilaginous endplate degeneration plays
a key role in the process of IVD degeneration4,5.
Biomechanical loading, which is transduced through cell adhe-
sion via intracellular signaling, is one of the major factors that
determine cartilage development and function6. A long duration of
mechanical loading promotes cartilage damage7,8. Some studies
indicate that dynamic mechanical loading may lead to IVD degen-
eration and morphological changes in endplate cartilage9. There-
fore, the role of mechanical force cannot be ignored in endplate
cartilage degeneration. Our previous study showed that intermit-
tent cyclic mechanical tension (ICMT) induces endplate chon-
drocyte calciﬁcation and decreases the expression chondrocyte
anabolic genes such as type II collagen (COL-2A), aggrecan (ACAN),
and Sox910e12. However, the detailed molecular signaling mecha-
nisms by which mechanical stimulation affects endplate cartilage
degeneration are still unclear.
Wnt signaling plays a central role in regulating the develop-
ment of many tissues and organs, and alterations in this pathway
are commonly associated with human disease. The Wnt/b-catenin
signaling pathway, often referred to as the canonical Wnt
pathway, is activated upon binding of the Wnt protein to a re-
ceptor complex including Frizzled receptors and low-density li-
poprotein receptor-related protein 5/6 on the cell surface13. In the
absence of Wnt ligands, b-catenin is phosphorylated by glycogen
synthase kinase 3 (GSK3) and targeted for ubiquitin-dependent
proteolysis14. However, in the presence of a Wnt ligand, which
inhibits GSK3 activity15, b-catenin accumulates and translocates to
the nucleus where it combines with T cell factor/lymphoid
enhancer factor (TCF/LEF) and transactivates target gene pro-
moters16,17. Therefore, b-catenin is a key molecule in the canonical
Wnt signaling pathway and plays a critical role in the pathogen-
esis of IVD degeneration. Activation if b-catenin signaling in
articular chondrocytes leads to differentiation of chondrocytes
with an osteoarthrosis-like phenotype18. In addition, activation of
Wnt/b-catenin promotes IVD degeneration by modulating the
expression of matrix metalloproteinases and transforming growth
factor-b1 in nucleus pulposus cells19.
Traditional cadherins, such as E-cadherin and N-cadherin, are
transmembrane proteins that mediate cellecell adhesion. Cadher-
ins bind to b-catenin and form a complex called the cadherin-b-
catenin complex20. This complex acts as a sensitive mechano-
transducer to maintain cell differentiation and the synthesis of
extracellular matrix proteins by connecting to the cytoskeleton
inside the cell and regulating intracellular signaling pathways21,22.
A previous study has suggested that the presence of E-cadherin in
the cytoplasm is required to inhibitWnt/b-catenin-dependent gene
expression23. However, the relationship between the E-cadherin/b-
catenin complex and mechanical tension-induced endplate carti-
lage degeneration has not been explored yet.
To our knowledge, there are currently no studies that have
investigated the regulatory role of Wnt/b-catenin signaling or the
E-cadherin/b-catenin complex during ICMT-induced endplate
cartilage degeneration. In the present study, we investigated the
relationship between the canonical Wnt signaling pathway and
endplate cartilage degeneration during application of ICMT, and
further explored the regulatory role of the E-cadherin/b-catenin
complex in ICMT-induced endplate cartilage degeneration.
Methods
Reagents and E-cadherin expression plasmid transfection
In some experiments, endplate chondrocytes were treated with
10 mM XAV-939 (Wnt/b-catenin signaling inhibitor; Selleckchem,USA) during ICMT application24. The pEGFPN1-E-cadherin expres-
sion plasmid, which contained the rat E-cadherin-coding sequence
with insertion of green ﬂuorescent protein (GFP) at the C-terminal,
was transiently transfected into endplate chondrocytes using Lip-
ofectamine 2000 (Invitrogen, Carlsbad, CA). At 24 h post-
transfection, the cells were exposed to mechanical loading.
Patient samples
Endplate cartilage samples were obtained from 20 patients who
underwent open vertebral surgery at our department. The control
group included eight patients (mean age: 38 years; two females
and six males) who underwent vertebral surgery for cervical
vertebrae fracture or dislocation. Twelve patients were included in
the experimental group (mean age: 52 years; ﬁve females and
seven males) who underwent vertebral surgery for cervical spon-
dylosis. No subject had a tumor, tuberculosis, diabetes, infectious
disease, or bone metabolic disease. Magnetic resonance imaging
(MRI) was routinely performed before surgery. MRIs revealed that
all discs in the experimental group were classiﬁed as grades IIeIII
according to Miller's classiﬁcation, whereas the control group had
no evident degeneration [Fig. 1(A)]. This study was approved by the
Ethics Committee of Yijishan Hospital of Wannan Medical College.
Informed consent was obtained from all participants.
Application of mechanical tensile strain in vivo
For in vivo experiments, 50 New Zealand white rabbits (skele-
tally mature, at least 6 months old, and weighing 3.2 ± 0.8 kg) were
subjected to general anesthesia and surgery as described previ-
ously25,26. The rabbits were randomly assigned to ﬁve groups: 0-
day control group (no treatment, n ¼ 10); 28-day (n ¼ 10) and
56-day (n¼ 10) sham groups (animals underwent a sham operation
but no mechanical tensile strain application); 28-day (n ¼ 10) and
56-day (n ¼ 10) loaded groups [discs were subjected to 2.4 MPa
external tensile loading during daily activity of the animals using an
external loading device [Fig. 1(B)]]. Mechanical tensile strain was
applied for 8 h a day.
Chondrocyte isolation and mechanical tensile strain application
in vitro
Primary chondrocytes were isolated from the lumbar spine
endplate cartilage of SpragueeDawley rats (160e180 g) as reported
in our previous study11. Second passage cells were used in experi-
ments. Endplate chondrocytes were seeded at a density of 2  105
cells per well in 2 ml Dulbecco's modiﬁed Eagle's medium/F-12
medium (HyClone, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) on six-well ﬂexible silicone rubber BioFlex™
plates coated with collagen type I (Flexcell International, Hills-
borough, NC). The cells were cultured for 48 h to 80e90% conﬂu-
ence, and then cyclic mechanical strain with a 0.5 Hz sinusoidal
curve at 10% elongation was applied for 8 h a day using an FX-
5000T Flexercell Tension Plus unit (Flexcell International). The
cultures were incubated in a humidiﬁed atmosphere at 37C with
5% CO2 while stretching.
Cell viability, proliferation and apoptosis assays
Endplate cartilage cell viability was detected by nitroblue
tetrazolium (NBT) and 40,6-diamidino-2-phenylindole (DAPI)
staining according to a previous study27. Cells stained with NBT
(Amresco, USA) were considered as live cells, while DAPI staining
indicated the total cells. The viable cell ratio ¼ live cells/total
cells  100%. For the proliferation assay, endplate chondrocytes
Fig. 1. ICMT induces disc and endplate chondrocyte matrix degeneration. (A) Human endplate cartilage was obtained from patients with cervical vertebrae fracture (normal disc
group) or cervical disc degeneration (CDD group). MRIs of subjects and the vertebral surgery (green arrow) with the site of the obtained material (red arrow) are shown. (B) External
loading device and animal model. (C) COL-2A, ACAN, and Sox9 expression in normal disc and CDD groups was measured by real-time RT-PCR (normal disc group: n ¼ 8; CDD group
n ¼ 12). (D) Rabbit discs treated with (Loaded) or without (Sham) tensile loading for 0, 28, and 56 days, H&E and Safranin O-fast green staining showed changes in the disc structure
and matrix distribution. Original magniﬁcation: 40. Representative results from three samples are shown. (E) Real-time RT-PCR analysis of COL-2A, ACAN, and Sox9 expression in
endplate cartilage after tensile strain application in vitro. (F) Relative expression of COL-2A, ACAN, and Sox9 in endplates was measured by real-time RT-PCR after ICMT stimulation
in vitro. (G) Alcian Blue and Toluidine Blue staining showed decreases in the chondrocyte matrix after ICMT application for 7 days. Representative results from three donors are
shown. GAPDH was used as an internal control for the Real-time RT-PCR. Real-time RT-PCR data are presented as the means and 95% CI from three independent experiments, each
performed in triplicate. Each dot representing the average of one donor. *Statistically signiﬁcant difference.
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proliferation was assessed by an Alamar Blue assay (Invitrogen)
according to the manufacturer's instructions. The absorbance at 0,
12, 24, 48 and 72 h were measured to reﬂect the proliferation of
endplate chondrocytes. For apoptosis analysis, chondrocytes weretreated with or without 10% ICMT for 3 days, incubated with 10 ml
propidium iodide and 10 ml annexin V (Invitrogen) at room tem-
perature while protected from light for 10 min, and then analyzed
by ﬂow cytometry using a FACSCalibur (Becton Dickinson Bio-
sciences, San Diego, CA) with FACSDiva software. Propidium iodide-
H.-g. Xu et al. / Osteoarthritis and Cartilage 24 (2016) 158e168 161positive and annexin V-positive cells were deﬁned as apoptotic
cells.
Histological staining and immunohistochemical analysis
Human endplate cartilage and lumbar spines from rabbits
treated with or without mechanical tensile loading were ﬁxed in
10% paraformaldehyde, decalciﬁed, and embedded in parafﬁn. Se-
rial sections (7 mm thick) were staining with hematoxylin and eosin
(H&E) and Safranin O-fast green. For immunohistochemical anal-
ysis, parafﬁn-embedded sections (4 mm)were heated at 70C for 2 h
and then treated with a dual endogenous enzyme blocking reagent
for 10 min. After blocking with normal goat serum (1:20 dilution)
for 30 min, the sections were incubated with a mouse anti-b-cat-
enin polyclonal antibody (1:50 dilution; SigmaeAldrich) and rabbit
anti-b-catenin monoclonal antibody (1:50 dilution; Cell Signaling
Technology) overnight at 4C. The sections were then incubated
with a secondary biotinylated goat anti-rabbit antibody (1:200
dilution; Vector) for 30 min followed by streptavidin-peroxidase
(1:250 dilution; Pierce) for 30 min at room temperature. Peroxi-
dase activity was visualized by staining with Romulin AEC Chro-
mogen (RAEC810L; Bio Care Medical).
Real-time reverse-transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from chondrocytes using Trizol reagent
(Invitrogen) according to the manufacturer's instructions. After
reverse transcription, real-time PCR was performed by a Light-
Cycler480 System (Roche) using SYBR1 Premix Ex Taq™ (Takara,
Dalian, China) according to the manufacturer's instructions.
Dissociation curves revealed no nonspeciﬁc ampliﬁcation.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
internal control. Data were analyzed using the Ct 2DDCt method
and expressed as the fold change compared with the control. Each
samplewas analyzed in triplicate. The primer sequences, optimized
PCR conditions, and NCBI reference numbers are available from the
corresponding author.
Co-immunoprecipitation and western blotting
Total explant and cell proteins were collected in radio-
immunoprecipitation assay buffer (Cell Signaling Technology)
containing protease inhibitors (10 mg/ml leupeptin, 10 mg/ml
pepstatin A, and 10 mg/ml aprotinin). Nuclear-cytoplasmic protein
fractionation was conducted using a NE-PER Nuclear and Cyto-
plasmic Extraction Reagents kit (Thermo Fisher Scientiﬁc). Co-
immunoprecipitation was performed using a Dynabeads Co-
immunoprecipitation Kit (Invitrogen) according to the manufac-
turer's protocol. For western blot analysis, protein samples (20 mg)
were fractionated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and then electrotransferred onto nitrocellulose
membranes (Whatman, Piscataway, NJ). The primary antibodies
included a goat anti-E-cadherin polyclonal antibody (Santa Cruz
Biotechnology), mouse anti-E-cadherin monoclonal antibody (BD
Biosciences), mouse anti-b-catenin polyclonal antibody (Sigma-
eAldrich) and rabbit anti-b-catenin monoclonal antibody Cell
Signaling Technology). Antibodies were diluted at 1:1000. Protein
loading was normalized to GAPDH using an anti-GAPDH antibody
(1:10,000 dilution; SigmaeAldrich). Horseradish peroxidase-
conjugated secondary antibodies were applied at a dilution of
1:5000. Antigen-antibody complexes were visualized using the
enhanced chemiluminescence detection system (Millipore, Bill-
erica, MA) as recommended by the manufacturer. Immunoreactive
bands were quantitatively analyzed in triplicate by normalizing the
band intensities to GAPDH using Alpha Image software.Immunoﬂuorescence
Endplate chondrocytes were seeded on six-well ﬂexible silicone
rubber Bio-Flex™ plates and then treated with or without ICMT for
3 days. After treatment, the cells were ﬁxed with 4% para-
formaldehyde for 15min at room temperature, permeabilized in 3%
(v/v) Triton-X 100/PBS, and then blocked with 5% (v/v) goat serum
for 1 h. Chondrocytes were incubated with primary antibodies
overnight at 4C in a humidiﬁed chamber. Primary antibodies
included a rabbit anti-b-catenin antibody (1:200 dilution; Cell
Signaling Technology) and mouse anti-E-cadherin antibody (1:100
dilution; BD Biosciences). After washing, the cells were incubated
with a goat anti-rabbit ﬂuorescein isothiocyanate (FITC) secondary
antibody (1:500 dilution; Invitrogen) for 1 h. For F-actin staining,
the cells were washed and then incubated with Texas Red®-X
phalloidin (1:500 dilution; Invitrogen) for 1 h at room temperature.
Finally, the cells were incubated with 1.5 mg/ml DAPI (Shanghai Mai
Bio Co, Shanghai, China) for 15 min and then visualized under a
confocal microscope (TCSSP5; Leica, Wetzlar, Germany).
Statistical analysis
All quantitative data are expressed as the mean with 95% conﬁ-
dence intervals (CI). Data were obtained from three independent ex-
periments and tested for normality using the ShapiroeWilk test prior
to parametric analyses. The means of two groups were compared by
the two-tailed Student's t-test. For multiple group comparisons, we
used one-way analysis of variance with Tukey's post-hoc test. All
statistical analyses were conducted with SPSS 18.0 (IBM, Chicago,
USA). P-values of less than 0.05 were considered signiﬁcant.
Results
ICMT promotes endplate cartilage degeneration in vivo and in vitro
Because IVD degeneration is often correlated with endplate
cartilage degeneration in patients, we examined endplate
chondrocyte-related gene expression in patients with cervical
vertebrae fracture (normal disc) or cervical spondylosis (cervical
degeneration disc, CDD). We found decreases in the expression of
COL-2A, ACAN, and Sox9 in the endplate cartilage obtained from
patients with disc degeneration [Fig.1(C)]. This result indicated that
IVD degeneration was accompanied by signiﬁcant endplate carti-
lage degeneration.
After ICMT loading in vivo, H&E staining showed no signiﬁcant
changes in 0 d control and sham control disc groups. However, in
the ICMT loading group, the annulus and pulposus were signiﬁ-
cantly damaged as the load duration increased. Safranin O-fast
green staining revealed damage in the cartilage matrix following
ICMT loading as visualized by a loss of Safranine O staining
[Fig. 1(D)]. Real-time RT-PCR showed reductions in the expression
of COL-2A, ACAN, and Sox9 in the endplate cartilage after ICMT
loading [Fig. 1(E)]. Endplate chondrocytes with ICMT stimulation
in vitro showed similar changes [Fig.1(F)]. Toluidine Blue and Alcian
Blue staining showed a decrease in the chondrocyte matrix after
application of ICMT [Fig. 1(G)]. These results indicated that ICMT
induced disc and endplate cartilage degeneration.
ICMT does not inﬂuence the cell viability or apoptosis of endplate
chondrocytes but alters the cell proliferation and cytoskeleton
To determine whether ICMT-induced endplate cartilage
degeneration was caused by cell death, we examined the cell
viability, proliferation and apoptosis of endplate chondrocytes after
exposure to ICMT. NBT/DAPI staining showed no obvious
Fig. 2. ICMT does not induce endplate chondrocyte death but changes the cytoskeleton. (A and B) After mechanical loading in vivo, NBT/DAPI staining showed no obvious
differences in the viable cell ratio of endplate chondrocytes between 0 d, sham operation, and tensile loading groups. NBT staining indicates live cells, while DAPI staining shows the
total cells. Original magniﬁcation: 100. Representative results from three samples are shown. (C and D) Endplate chondrocytes were subjected to ICMT in vitro for 3 days, and then
cell apoptosis was examined by propidium iodide/annexin V staining (C) and cell proliferation was examined by an Alamar Blue assay (D). Data are presented as the means and 95%
CI from three independent experiments. (E) F-actin staining showed changes in the chondrocyte cytoskeleton after 3 days of ICMT treatment. Representative results from three
donors are shown, red indicates F-actin and blue indicates DAPI staining. Each experiment performed in triplicate. *Statistically signiﬁcant difference.
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groups after ICMT loading for 28 and 56 days [Fig. 2(A) and (B)].
Moreover, annexin V-FITC and propidium iodide staining indicated
no signiﬁcant differences in the percentages of apoptotic cells after
exposure to ICMT for 3 days comparedwith cells in the non-loading
group [Fig. 2(C)]. However, the Alamar Blue assay showed that
ICMT promoted cell proliferation at 24 and 48 h [Fig. 2(D)]. In
addition, Texas Red®-X phalloidin staining revealed obvious
changes in the F-actin cytoskeleton of endplate chondrocytes after
ICMT for 3 days [Fig. 2(E)]. These data suggested that ICMT did not
promote endplate chondrocyte death, but promoted chondrocyte
proliferation and re-orientation of the cytoskeleton.
Activation of the Wnt/b-catenin signaling pathway by ICMT in
endplate cartilage
To investigate the effect of Wnt/b-catenin signaling on endplate
cartilage degeneration, we ﬁrst detected b-catenin expression inhuman endplate cartilage isolated from normal disc and CDD
groups. The results showed that both the mRNA and protein levels
of b-catenin were up-regulated in the degenerated endplate carti-
lage [Fig. 3(A)]. Immunohistochemical analysis showed that b-
catenin levels weremuch higher andmainly located in the nuclei of
samples from patients with disc degeneration compared with the
normal disc group [Fig. 3(B)]. These data suggested activation of
Wnt/b-catenin signaling during human endplate cartilage
degeneration.
In contrast, b-catenin mRNA and protein expression was up-
regulated after ICMT stimulation of endplate cartilage in vivo and
in vitro-cultured chondrocytes [Fig. 3(C) and (D)]. We next exam-
ined the distribution of b-catenin in endplate chondrocytes stim-
ulated by ICMT in vivo and in vitro. Immunohistochemical and
immunoﬂuorescence analyses showed signiﬁcantly higher b-cat-
enin protein levels and accumulation in the nucleus after applica-
tion of ICMT [Fig. 3(E) and (F)]. Similar results were obtained in
western blot analyses of nuclear/cytoplasmic protein fractions
Fig. 3. ICMT promotes activation of Wnt/b-catenin signaling in endplate chondrocytes. (A) Real-time RT-PCR and western blot analyses of b-catenin mRNA and protein
expression in samples obtained from patients with cervical vertebrae fracture or cervical disc degeneration (normal disc group: n ¼ 8; CDD group n ¼ 12). For western blotting,
Representative results from three patients are shown. (B) Immunohistochemical analysis showed up-regulation of b-catenin protein in samples from patients with disc degen-
eration. Original magniﬁcation: 200. Representative results from three patients are shown. (C and D) b-Catenin mRNA and protein expression in endplate chondrocytes was
assessed by real-time RT-PCR and western blotting after ICMT application in vivo (C) and in vitro (D). For western blotting, representative results from three donors are shown. (E) b-
Catenin protein expression was examined by immunohistochemical analysis in rabbit endplate cartilage tissue after 28 days of tensile loading in vivo. Original magniﬁcation: 200.
Representative results from three samples are shown. (F) Endplate chondrocytes were subjected to ICMT for 3 days, and then the expression and distribution of b-catenin protein
were detected by immunoﬂuorescence. Representative results from three donors are shown. (G) Nuclear-cytoplasmic protein fractionation was performed to measure nuclear and
cytoplasmic b-catenin protein expression after ICMT application. Representative results from three donors are shown. (H) Real-time RT-PCR showed changes in cyclinD1 and TCF-1
expression after endplate chondrocytes were subjected to ICMT for 3 days. GAPDH was used as an internal control for the Real-time RT-PCR and Western blots. Real-time RT-PCR
data are presented as the means and 95% CI from three independent experiments, each performed in triplicate. Each dot representing the average of one donor. *Statistically
signiﬁcant difference.
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in TCF/LEF transcription factor activation17, we assessed the
expression level of TCF/LEF target genes cyclinD1 and TCF-128,29.
Expression of Both cyclinD1 and TCF-1 genes was increasedsigniﬁcantly by ICMT for 3 days [Fig. 3(H)]. Taken together, these
data demonstrated that ICMTactivated theWnt/b-catenin signaling
pathway in endplate cartilage, which may be related to endplate
cartilage degeneration.
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induced endplate chondrocyte dedifferentiation
Because Wnt/b-catenin signaling showed a correlation with
endplate cartilage degeneration after application of ICMT, we next
examined whether inhibition of the Wnt/b-catenin signaling
pathway could relieve the degeneration induced by ICMT in
endplate chondrocytes. Treatment with the Wnt inhibitor XAV-
939 deceased both the mRNA and protein levels of b-catenin
[Fig. 4(A) and (B)]. Immunoﬂuorescence analysis showed similar
changes in b-catenin protein expression [Fig. 4(C)]. In addition,
compared with the ICMT group, the down-regulated expression of
COL-2A, ACAN and SOX9 was partially restored by XAV-939
treatment [Fig. 4(D)]. These results indicated that the Wnt/b-cat-
enin pathway was indispensable for ICMT-induced endplate
cartilage degeneration.Cross-talk of E-cadherin/b-catenin and the Wnt/b-catenin signaling
pathway in endplate chondrocytes
E-cadherin is a sensitive mechanotransducer that binds to b-
catenin and actin. Because we found that ICMT altered the orien-
tation of the F-actin cytoskeleton in endplate chondrocytes, we
determined whether E-cadherin is involved in ICMT-induced
cartilage degeneration. E-cadherin mRNA and protein levels in
endplate chondrocytes were signiﬁcantly down regulated by ICMT
both in vivo and in vitro [Fig. 5(A)e(D)]. Immunoﬂuorescence
indicated an increase in b-catenin expression and translocation into
the nucleus, which were accompanied by down-regulation of E-
cadherin [Fig. 5(E)]. Co-immunoprecipitation showed that b-cat-
enin formed a complex with E-cadherin in endplate chondrocytes
under normal conditions, but the interaction between E-cadherin
and b-catenin was weakened after application of ICMT [Fig. 5(F)].Fig. 4. Inhibition of Wnt/b-catenin signaling rescues ICMT-induced endplate chondrocy
without XAV-939 during ICMT application. Expression of b-catenin mRNA (A) and protein (B)
western blotting, representative results from three donors are shown. (C) Immunoﬂuorescen
patients are shown. Representative results from three donors are shown. (D) Real-time RT-P
with or without XAV-939 treatment. GAPDH was used as an internal control for the Real-tim
CI from three independent experiments, each performed in triplicate. Each dot representinTaken together, these data suggested that ICMT suppressed the
direct interaction between E-cadherin and b-catenin proteins,
which was most likely caused by inhibition of E-cadherin
expression.Over-expression of E-cadherin rescues ICMT-induced endplate
chondrocyte anabolic genes decreasing by interacting with b-
catenin
To further explore the role of E-cadherin in ICMT-induced
endplate chondrocyte dedifferentiation, we over-expressed GFP-
labeled E-cadherin in endplate chondrocytes during ICMT appli-
cation. E-cadherin expression was signiﬁcantly increased at 3 days
after transfection [Fig. 6(A)e(C)]. Co-immunoprecipitation indi-
cated that the interaction between E-cadherin and b-catenin was
enhanced after E-cadherin overexpression during application of
ICMT [Fig. 6(D)]. Nuclear-cytoplasmic protein fractionation showed
that E-cadherin over-expression inhibited b-catenin translocation
into the nucleus of ICMT-stimulated endplate chondrocytes
[Fig. 6(E)]. In addition, E-cadherin over-expression suppressed
ICMT-induced expression of cyclinD1 and TCF-1 [Fig. 6(F)]. These
data suggested that over-expression of E-cadherin in endplate
chondrocytes suppressed the Wnt/b-catenin signaling pathway. To
test whether E-cadherin over-expression could rescue the effect of
ICMTon the endplate chondrogenic phenotype, chondrocytes were
pre-transfected with E-cadherin expression or control vectors
before ICMT stimulation. After 3 days of ICMT, cells transfectedwith
E-cadherin showed higher COL-2A, ACAN and Sox9 expression than
those transfected with the control vector [Fig. 6(G)]. Overall, these
results suggested that E-cadherin suppressed the ICMT-induced
loss of the endplate chondrogenic phenotype, most likely via in-
hibition of the Wnt/b-catenin pathway through the physical
interaction of b-catenin to block its nuclear translocation.te anabolic genes decreasing. (A and B) Endplate chondrocytes were treated with or
indicated that XAV-939 suppressed the Wnt/b-catenin signaling activated by ICMT. For
ce showed inhibition of b-catenin protein expression. Representative results from three
CR showed alterations in the expression levels of COL-2A, ACAN, and Sox9 after ICMT
e RT-PCR and Western blots. Real-time RT-PCR data are presented as the means and 95%
g the average of one donor. *Statistically signiﬁcant difference.
Fig. 5. ICMT suppresses the interaction between E-cadherin and b-catenin by down-regulation of E-cadherin expression. (A e D) Expression of E-cadherin mRNA and protein
was measured by real-time RT-PCR and western blotting after ICMT loaded in vivo (A and B) and in vitro (C and D). For western blotting, representative results from three donors are
shown. (E) Endplate chondrocytes were treated with ICMT for 3 days. Double immunoﬂuorescence staining revealed colocalization of E-cadherin and b-catenin proteins (yellow) in
endplate chondrocytes. Representative results from three donors are shown. (F) Co-immunoprecipitation showed an interaction between E-cadherin and b-catenin proteins after
treatment with or without ICMT for 3 days. Representative results from three donors are shown. GAPDH was used as an internal control for the Real-time RT-PCR andWestern blots.
Real-time RT-PCR data are presented as the means and 95% CI from three independent experiments, each performed in triplicate. Each dot representing the average of one donor.
*Statistically signiﬁcant difference.
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IVDs bear and distribute themechanical load duringmovements
of the spine. Endplate cartilage is an important component of IVDs
and the main pathway for nutritional supply to avascular IVDs. The
phenotype of endplate chondrocytes is mainly characterized by
expression of genes encoding cartilage-speciﬁc extracellular matrix
proteins or their regulators, such as COL-2A, ACAN, and Sox9, which
are responsible for the maintenance of cartilage anabolism.
Changes in the endplate cartilage structure through variations in
poromechanical properties affect ﬂuid velocities and chondrocyte
mechanosensing30. Some studies have demonstrated that endplate
cartilage damage and loss of the chondrogenic phenotype increase
the risk of internal disruption in discs, which promotes disc
degeneration31,32.
Biomechanical stimulation is a major factor implicated in IVD
degeneration. Higher frequencies of mechanical stretching
(0.33e1.0 Hz) can differentially regulate anabolic and catabolic
gene expression in annulus ﬁbrosus cells33. Excessive mechanical
strain or acute mechanical injury promote the secretion ofinﬂammatory factor from IVD cells and contribute to IVD degen-
eration, innervation, and pain34,35. Complex overloading of human
and animal spines has direct deleterious effects on IVD tissue,
resulting in endplate cartilage damage and IVD degeneration36,37.
Similarly, our data suggest that excessive intermittent mechanical
tensile strain (2.4 MP, 8 h/day) loading in vivo damages disc tissue
and negatively regulates metabolism of the endplate cartilage
matrix.
Alterations in the cartilage matrix in response to mechanical
loading have also been reported in vitro. Short-term moderate
mechanical loading protects chondrocytes from calciﬁcation and
increases proteoglycan release38,39, but high levels and long dura-
tions of mechanical loading induce phenotypic changes in chon-
drocytes7,8,40. Huang et al.41 suggested that cyclic tension strain
(0.5 Hz, 10% strain) for 3 h promotes expression of COL-2A and
ACAN, but their expression decreases to below control levels after
12 h of application. Our ﬁndings also demonstrated that 0.5 Hz, 10%
ICMT application induced endplate chondrocyte matrix damage
and decreased COL-2A, ACAN, and Sox9 expression in a time-
dependent manner.
Fig. 6. E-cadherin relieves ICMT-induced down-regulation of endplate chondrocyte anabolic genes via inhibition of b-catenin signaling. (A and B) Overexpression of GFP-
labeled E-cadherin in rat endplate chondrocytes was conﬁrmed by real-time RT-PCR (A) and western blotting (B). For western blotting, representative results from three do-
nors are shown. (C) GFP-labeled E-cadherin was observed by ﬂuorescence microscopy at 3 days post-transfection. Original magniﬁcation: 100. Representative results from three
donors are shown. (D) Endplate chondrocytes were transfected with an E-cadherin expression plasmid (E-cad) or pEGFPN1 vector (Veh). At 1 day after transfection, ICMT was
applied for 3 days, and then the interaction between E-cadherin and b-catenin proteins was detected by co-immunoprecipitation. Representative results from three donors are
shown. (E) Nuclear and cytoplasmic b-catenin protein expression was examined in nuclear and cytoplasmic protein fractions. Representative results from three donors are shown.
(F) CyclinD1 and TCF-1 mRNA expression was detected by real-time RT-PCR. (G) Relative expression levels of COL-2A, ACAN, and Sox9 were measured by real-time RT-PCR. GAPDH
was used as an internal control for the Real-time RT-PCR and Western blots. Real-time RT-PCR data are presented as the means and 95% CI from three independent experiments,
each performed in triplicate. Each dot representing the average of one donor. *Statistically signiﬁcant difference. (H) Schematic diagram of ICMT-induced endplate cartilage
degeneration through E-cadherin/b-catenin complex and Wnt/b-catenin signaling cross-talk.
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tensile strain induces endplate cartilage degeneration. Several
reports suggest that continuous compressed loading ex vivo and
long durations of mechanical compression induce chondrocyte
death42,43. In this study, we found that intermittent tensile
loading (8 h/day) did not affect the cell viability of endplatechondrocytes both in vivo and in vitro. These results suggest that
ICMT does not promote endplate chondrocyte death, and other
factors are responsible for ICMT-induced endplate cartilage
degeneration.
b-Catenin is up-regulated in degenerated IVDs, and condi-
tional activation of b-catenin signaling promotes disc tissue
H.-g. Xu et al. / Osteoarthritis and Cartilage 24 (2016) 158e168 167damage44,45. We also found up-regulation of b-catenin protein
expression in endplate cartilage from patients with disc degen-
eration. There were similar changes in endplate chondrocytes
induced by ICMT in vivo and in vitro. Moreover, b-catenin protein
accumulated and translocated to the nucleus, together with sig-
niﬁcant increases in the expression of Wnt/b-catenin signaling
target genes such as cyclinD1 and TCF-1. These results indicate
that ICMT activated the Wnt/b-catenin signaling pathway in
endplate chondrocytes. Furthermore, during ICMT application,
inhibition of Wnt/b-catenin signaling by XAV-939 abolished the
inhibitive effect of ICMT on COL-2A, ACAN, and Sox9 expression.
These ﬁndings suggest that ICMT-induce endplate cartilage
degeneration is mediated by activation of the Wnt/b-catenin
signaling pathway.
E-cadherin mediates intercellular adhesion and transmits sig-
nals via mechanotransduction46,47. Engl et al. found that internally
generated tensile forces modulate E-cadherin recruitment at
cellecell contacts via actin dynamics48. Similarly, we found that
ICMT changed the F-actin cytoskeleton of endplate chondrocytes.
Therefore, we further examined the expression of E-cadherin in
endplate chondrocytes after ICMT treatment in vivo and in vitro. We
found that E-cadherin mRNA and protein expression was signiﬁ-
cantly decreased during ICMT application.
E-cadherin inhibits Wnt signaling in human cancer cells
through an interaction b-catenin49. We therefore determined
whether ICMT altered the cross-talk between E-cadherin and Wnt/
b-catenin signaling in endplate chondrocytes. Remarkably, immu-
noﬂuorescence and co-immunoprecipitation demonstrated an
obvious reduction in the proteineprotein interactions between E-
cadherin and b-catenin after ICMT application. Wang et al.50 found
that E-cadherin promotes ACAN and COL2A expression through
induction of bone morphogenetic protein genes and Smad1/5
phosphorylation in IVD cells. Our data showed that the ICMT-
induced decreases in COL-2A, ACAN, and SOX9 expression in end-
plate chondrocytes were rescued by over-expression of E-cadherin.
This rescue effect might have been due to enhancing the interaction
between E-cadherin and b-catenin proteins, and suppression of the
Wnt/b-catenin signaling pathway after E-cadherin over-expression
in the endplate chondrocytes.
Based on these results, we speculate that ICMT probably acti-
vates the Wnt/b-catenin signaling pathway, resulting in down-
regulation of anabolic genes. Moreover, ICMT decreases the inter-
action between E-cadherin and b-catenin by suppressing E-cad-
herin expression, leading to promotion of Wnt/b-catenin signaling
activation, which might accelerate endplate cartilage degeneration
[Fig. 6(H)]. These ﬁndings will be useful as the basis for future
studies exploring the Wnt/b-catenin signaling pathway and E-
cadherin/b-catenin complex as potential therapeutic targets to
prevent IVD degeneration.
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